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In developing male germ cells, prospermatogonia,
two Piwi proteins, MILI andMIWI2, use Piwi-interact-
ing RNA (piRNA) guides to repress transposable
element (TE) expression and ensure genome stability
and proper gametogenesis. In addition to their roles
in post-transcriptional TE repression, both proteins
are required for DNA methylation of TE sequences.
Here, we analyzed the effect of Miwi2 deficiency on
piRNA biogenesis and transposon repression.
Miwi2 deficiency had only a minor impact on piRNA
biogenesis; however, the piRNA profile of Miwi2-
knockout mice indicated overexpression of several
LINE1 TE families that led to activation of the ping-
pong piRNA cycle. Furthermore, we found that MILI
and MIWI2 have distinct functions in TE repression
in the nucleus. MILI is responsible for DNA methyl-
ation of a larger subset of TE families than MIWI2
is, suggesting that the proteins have independent
roles in establishing DNA methylation patterns.INTRODUCTION
Piwi proteins and their associated small RNAs, Piwi-interacting
RNA (piRNAs), repress transcription of transposable elements
(TEs) in germ cells of Metazoa (Siomi et al., 2011). The piRNA
pathway is conserved between mouse and flies, and three Piwi
proteins are required for proper TE repression in each species.
The non-redundant functions of the three Piwi proteins in flies
were explained by two different observations. First, only one of
the three Piwi proteins, Piwi, is nuclear; it is required for estab-
lishment of repressive histone marks on TE sequences (Klenov
et al., 2011; Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski
et al., 2012). The endonuclease activity of Piwi is not necessary
for its function (Darricarre`re et al., 2013; Saito et al., 2010; Sienski
et al., 2012). The two other proteins, Aub and Ago3, are required
for post-transcriptional degradation of TE transcripts (Brennecke
et al., 2007). In the cytoplasm, Aub and Ago3 cooperate in anintricate process called the ping-pong cycle that causes
destruction of TE transcripts and simultaneous increases in the
levels of piRNAs that target active transposons (Brennecke
et al., 2007; Gunawardane et al., 2007). Importantly, the ping-
pong cycle operates when only one of the two partners, namely
Aub, is present (Li et al., 2009). Ago3 is necessary to enrich
piRNA populations in sequences that can recognize and target
active transposons (Li et al., 2009).
The individual roles of the three Piwi proteins in transposon
repression in mice are not as well understood as the functions
in flies. One of the three murine Piwi members, MIWI (Piwi-
like protein 1, or PIWIL1), associates with pachytene piRNAs
that are expressed in spermatocytes during and after meiosis;
pachytene piRNAs are not enriched in TE sequences (Deng
and Lin, 2002; Girard et al., 2006). The catalytic activity of
MIWI is, however, implicated in LINE1 TE silencing (Reuter
et al., 2011). The two other proteins mouse Piwi proteins, MILI
(Piwi-like protein 2, or PIWIL2) and MIWI2 (Piwi-like protein 4,
or PIWIL4), associate with piRNAs enriched in TE-derived se-
quences, and mutation of either of the two causes derepression
of several retrotransposon families (Aravin et al., 2007; Carmell
et al., 2007; De Fazio et al., 2011; Kuramochi-Miyagawa et al.,
2008; Pezic et al., 2014). Like Drosophila Aub and Ago3, MILI
and MIWI2 participate in ping-pong amplification (Aravin
et al., 2008); however, the endonuclease activity of MIWI2 is
dispensable for ping-pong piRNA processing (De Fazio et al.,
2011).
Both MILI and MIWI2 are required for DNA methylation of TE
sequences in the nucleus (Aravin et al., 2007; Carmell et al.,
2007; Kuramochi-Miyagawa et al., 2008). MIWI2 localizes to
the nucleus of prospermatogonia in the narrow developmental
window when de novo methylation of TE sequences takes place
during gametogenesis (Aravin et al., 2008; Kuramochi-Miyagawa
et al., 2008). Accordingly, it was proposed that MIWI2 acts as a
direct effector of DNA methylation. In contrast to MIWI2, MILI
predominantly localizes to the cytoplasm (Aravin et al., 2008;
Kuramochi-Miyagawa et al., 2004). MILI is required for loading
of MIWI2 with piRNAs and subsequent nuclear localization, (Ara-
vin et al., 2008; De Fazio et al., 2011). These data suggest that
MILI induces DNA methylation indirectly by ensuring piRNA
loading and proper nuclear localization of MIWI2.Cell Reports 12, 1–10, August 25, 2015 ª2015 The Authors 1
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biogenesis and TE suppression on a genome-wide scale. Our re-
sults revealed distinct roles of two proteins in the piRNA
pathway. Unlike Mili knockout (KO), which results in a dramatic
reduction of piRNA levels (Aravin et al., 2008; De Fazio et al.,
2011), Miwi2 deficiency had a smaller effect on piRNA biogen-
esis. Levels of LINE1-derived piRNAs were reduced in Miwi2
KO mice early during gametogenesis, but their levels were
increased later in development due to activation of the ping-
pong cycle caused by LINE1 derepression. Analysis of
genome-wide DNA methylation patterns in Mili KO and Miwi2
KO mice suggested that functions of MIWI2 and MILI in CpG
methylation of TE sequences in the nucleus are at least partially
independent.
RESULTS
To compare the roles of MILI and MIWI2 in TE repression, we
generated and analyzed transcriptome profiles of testes isolated
from Mili KO and Miwi2 KO mice and corresponding Heterozy-
gous controls (Het mice) at postnatal day 10 (P10) (Table S1).
At least two biological replicates of RNA-seq libraries were
generated for each genotype; measurements were highly repro-
ducible (Figures S1A and S1B). Both Mili- and Miwi2-deficient
mice had increased levels of expression of transcripts from
several TE families, whereas the vast majority of transcripts of
protein-coding genes and many other TE families remained un-
changed (Figures S1C and S1D). Importantly, the effects of Mili
andMiwi2 deficiencies on transposon expression were not iden-
tical: only three families were significantly upregulated in Miwi2
KO mice compared to levels in wild-type mice, whereas 12 fam-
ilies were overexpressed inMili mutants (Figure 1A). Miwi2 defi-
ciency led to a significant increase in expression of young LINE1
family TEs L1-T and L1-Gf (RepBase names L1Md_T and
L1Md_Gf, respectively). Significant but weaker upregulations
of L1-T and L1-Gf were also observed inMilimutants. The levels
of transcripts from the old LINE1 families, such as L1-F (RepBase
name L1Md_F), were similar inmutants and heterozygote control
mice.Miwi2 deficiency also led to overexpression of one specific
endogenous retrovirus (ERV) family IAPEy (3.5-fold induction);
expression of other ERV elements remained unchanged relative
to expression in Heterozygote controls. The same IAPEy family
was also upregulated in Mili mutants, but to a lesser extent
(2-fold).Mili KO led to significant overexpression of many other
long terminal repeat (LTR) retrotransposons; those of the IAPEz
family showed the strongest upregulation (8-fold) relative to
wild-type expression (Figure 1A). Overall, the effect of Mili defi-
ciency on transposon expression was more dramatic than that
of Miwi2 KO, although stronger upregulation of L1-T, L1-Gf,
and IAPEy in Miwi2 KO indicates that effects of deletions of the
genes encoding these Piwi proteins have complex effects. It
seems that two Piwi proteins cooperate to suppress LINE fam-
ilies L1-T and L1-Gf and the ERV family IAPEy, and most other
LTR elements are predominantly controlled by Mili.
MILI and MIWI2 repress TEs through recognition of comple-
mentary transcripts by associated piRNAs. A deficiency in Mili
was reported to eliminate the vast majority or all piRNAs in em-
bryonic testes, including those associated with MIWI2, indi-2 Cell Reports 12, 1–10, August 25, 2015 ª2015 The Authorscating that MILI is necessary for loading of piRNA into MIWI2
(Aravin et al., 2008; De Fazio et al., 2011). In order to understand
differential effect of MILI and MIWI2 on TE expression, we
analyzed piRNA expression in Miwi2 KO mice. We generated
small RNA libraries from male germ cells at two developmental
time points: embryonic day 16.5 (E16.5), when both MILI and
MIWI2 proteins are expressed in prospermatogonia of embry-
onic testes, and P10 (Table S1). MIWI2 expression ceased
soon after birth, and the protein was not detected in P10 sper-
matogonia; thus, MILI was the only Piwi protein that interacts
with piRNA in these cells.
The size profile of sequenced small RNA revealed two promi-
nent classes of small RNAs in E16.5 testes: microRNAs (miRNAs)
of 19–23 nt and a broader peak of short RNAs 24–29 nt long (Fig-
ure 1B). The 24-nt to 29-nt small RNAs have64%bias toward a
uridine residue at position 1 and are strongly enriched in TE-
derived sequences, suggesting that they are bona fide piRNAs
(Figures 1B and S1E). Furthermore, comparison of the 24-nt to
29-nt fraction from total testes RNA and piRNA isolated from
immunoprecipitated MILI and MIWI2 complexes (Aravin et al.,
2008) showed that majority of these sequences are piRNAs (Ta-
ble S2). Therefore, the 24-nt to 29-nt fraction of total cellular RNA
was used to evaluate the effect of Miwi2 KO on piRNA abun-
dance and biogenesis.
In contrast to Mili KO, which causes dramatic loss of piRNA
(Aravin et al., 2008), 24-nt to 29-nt piRNAs were readily de-
tected in Miwi2 KO animals (Figure 1C). miRNAs that do not
interact with either MILI or MIWI2 proteins and are not affected
by disruption of the piRNA biogenesis were used for normaliza-
tion of the effect of theMiwi2 mutation on abundance of piRNA.
After normalization, we found an approximately 5% decrease in
total piRNA abundance in testes of E16.5 Miwi2 KO mice
compared to control. TheMiwi2 mutation did not have an effect
on the fraction of TE-derived piRNA, as 67.5% and 69% of all
24-nt to 29-nt small RNA species were derived from TEs in
control and mutant libraries, respectively (Figures 1B and 1C).
Expression of unistrand and dual-strand piRNA clusters was
similar in Miwi2-deficient and control samples (Figures S1G
and S1H).
Piwi proteins associate with piRNAs of slightly different
lengths; the mean length of MILI-bound piRNAs is 26 nt, and
that for MIWI2-bound piRNAs is 28 nt (Aravin et al., 2007,
2008). Analysis of the length distribution of small RNA at E16.5
showed that, as expected, the fraction of 28-nt RNA was lower
in Miwi2 KO mice than in controls, indicating that MIWI2-bound
piRNAs are destabilized in the absence of their protein partner
(Figure 1D). Importantly, the length distribution of piRNAs in
testes of E16.5 Miwi2 KO animals closely resembled the profile
of piRNAs at P10, the time point when MIWI2 protein is not ex-
pressed in wild-type mice and only MILI associates with piRNA
(Figures 1D and S1F). In summary, our analysis of piRNA profiles
showed that MIWI2 deficiency leads to reduction of piRNAs that
are normally MIWI2 bound but does not prevent loading of MILI
with piRNA. Furthermore, total abundance of piRNAs was not
significantly affected by Miwi2 KO, either because MILI protein
and its associated piRNAs are more abundant than MIWI2 and
associated piRNAs or because MILI is able to compensate for
the absence of MIWI2.
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Figure 1. Expression of Transposable Elements and piRNAs in Mili- and Miwi2-Mutant Mice
(A) Expression of transposable elements (TEs) in testes ofMili andMiwi2mutants. The heatmap shows transcript abundance (RPM) of 65 TE families in testis at
two different developmental time points (E16.5 and P10) analyzed by RNA-seq. The right panel shows the change in transcript abundance inMili andMiwi2-KO
animals relative to corresponding controls at P10. The asterisks mark TEs that are statistically significantly upregulated (p < 0.01 at false discovery rate < 20%).
Miwi2 KO induces expression of L1Md_Gf, L1Md_T as well as IAPEy elements, and several additional LTR families are induced in Mili KO.
(B and C) Expression of piRNA in testes of E16.5Miwi2-KO and control (Miwi2Het) mice. Size profiles of small RNAs indicate that lack of MIWI2 does not grossly
disrupt piRNA biogenesis. Only the piRNA fraction of the small RNA population is enriched in TE-derived sequences. The presence of a prominent piRNA peak in
Miwi2-KO animals indicates that biogenesis of piRNA is not disrupted by Miwi2 deficiency.
(D) TheMiwi2 deficiency eliminates a subset of TE-derived piRNAs. The ratio of 28-nt to 26-nt piRNAs (y axis) reflects relative abundance of MIWI2 versus MILI-
bound piRNA. The ratio is high in E16.5 prospermatogonia of controls animals that express bothMIWI2 andMILI; the ratio is lower inMiwi2-KO samples. The ratio
is also low at the later developmental stage (P10) of control animals, since MIWI2 is not expressed after birth.
See also Figure S1.
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Miwi2deficiency, further analysis showed a pronounced effect of
Miwi2 KO on piRNAs specific for certain TE families. piRNAsagainst LINE1 families, such as L1-A, L1-T, and L1-Gf, were
reduced approximately 2-fold (Figure 2A). The effect of Miwi2
on piRNA levels was specific for a few LINE1 families, as levelsCell Reports 12, 1–10, August 25, 2015 ª2015 The Authors 3
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Figure 2. The Effect of Miwi2 Knockout on piRNA Populations
(A) The piRNA levels of young LINE1 families are decreased uponMiwi2KO in prospermatogonia. The heatmap shows expression of piRNA targeting selected TE
families in E16.5 prospermatogonia (gray) and the change in piRNA abundance (‘‘total’’) in Miwi2 mutants relative to Miwi2 Het mice. In addition, the heatmap
(legend continued on next page)
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decreased inMiwi2mutantmice (Figures 2AandS2). For affected
L1 families, levels of piRNAs distributed throughout the body of
the transposable element were reduced in the Miwi2 KO mice
compared to levels in wild-type controls (Figure 2B). The reduc-
tions in piRNAs targeting L1-A and L1-T 50 monomers, which
are repeated several times at the 50 end of LINE and function as
a promoter, were also significant (Figure 2B).
We next analyzed the effect ofMiwi2 deficiency on ping-pong
processing. The extent of ping-pong amplification can be
measured by quantifying two different parameters: the number
of ping-pong pairs (pairs of piRNAs that have 10-nt overlaps be-
tween 50 ends) and the fraction of secondary piRNAs (reads that
have A at position 10 and do not have U at 1). Both measure-
ments revealed that ping-pong processing was not strongly
affected by the MIWI2 deficiency (Figures 2A and 2C). Even
piRNAs with reduced levels, such as those targeting L1 families,
preserved the signs of ping-pong processing. Indeed, prominent
ping-pong pairs were detected on L1 consensus sequences in
Miwi2 KO samples, and quantitative analysis showed only a
moderate decrease in ping-pong processing when Miwi2 KO
and wild-type samples were compared (Figure 2C). Overall,
our data show that MIWI2 is largely dispensable for ping-pong
amplification in embryonic testes. Similarly, mutation in one of
the two ping-pong partners, Ago3, in Drosophila does not stop
ping-pong; however, Ago3 function is required to enrich piRNA
populations for antisense molecules that target transposon tran-
scripts (Li et al., 2009). Our analysis shows that, in contrast to the
effect of the Ago3 deletion in flies,Miwi2 deficiency did not lead
to a significant decrease in fraction of antisense piRNA (Fig-
ure 2A). The fraction of antisense piRNA reads did not decrease
even for those that target L1 TE families that have reduced abun-
dance of complementary piRNA in the Miwi2 mutants. Taken
together, our data reveal similarities and differences between
operation of the ping-pong cycle in flies andmice. In both organ-
isms, two Piwi proteins are involved in the ping-pong cycle, but
the cycle operates with just one protein (Aub in flies and MILI inshows the effect ofMiwi2 deficiency on the fraction of antisense sequences (‘‘as’’
position 10 and do not have uridine residue at position one). The differences betw
show 2-fold decrease in piRNA abundance; however, the fractions of antisense
from Miwi2-KO and Het mice are compared.
(B) The distribution of piRNAs along L1-A body in E16.5 prospermatogonia. miRN
both sense and antisense piRNAmapping to L1 consensus in E16.5 prospermatog
families, L1-A and L1-T. Each bar represents a 50 end of a piRNAmapping to eithe
and antisense ping-pong partners (piRNA on two opposite strands those 50 ends
(C) The effect ofMiwi2 deficiency on the ping-pong piRNA biogenesis in E16.5 pr
up to three mismatches were analyzed to find the signature of the ping-pong proc
graph shows fraction of reads (y axis) whose 50 ends overlap by a certain numbe
biogenesis is not significantly affected by Miwi2 deficiency.
(D) The levels of L1 piRNAs are increased inMiwi2mutants in P10 spermatogonia
as described in (A). At P10,Miwi2 deficiency causes increase in total abundance
piRNA relative to control.
(E) The distribution of piRNAs along L1-A body in P10 spermatogonia. miRNA-no
levels of piRNAmapping to L1 consensus in P10 spermatogonia. More piRNAs are
L1-A 50 monomer represents a 50 end of a piRNA mapping to either sense or antis
evident only in Miwi2-KO animals.
(F) The effect ofMiwi2mutation on the ping-pong piRNA biogenesis in P10 sperm
ping-pong processing, the fraction of piRNA pairs that overlap by 10 nt, is increas
See also Figure S2.mice). The second Piwi protein in flies, Ago3, is required to
generate piRNA populations highly enriched in antisense piRNA
sequences, whereas MIWI2 in mice does not affect strand bias.
In addition to evaluating effect of Miwi2 deficiency on piRNA
populations expressed in embryonic testes (E16.5), we
compared piRNA profiles in testes of KO and control mice after
birth (P10), the stage of spermatogenesis when only MILI is ex-
pressed. In striking contrast to reduction of the L1 piRNAs
observed in Miwi2 KO animals in E16.5 prospermatogonia, the
piRNA levels for the same L1 families were actually increased
in P10 compared to controls (Figures 2D and S2D). The fraction
of sense-strand piRNA for several L1 families were increased in
Miwi2 KO mice at P10 relative to E16.5, indicating that these
piRNAs are processed from L1 mRNAs (Figure 2D).
Further we analyzed the distribution of piRNAs along the body
of the L1 transposon. The L1-derived piRNAs in control P10
spermatogonia showed a clear gradient toward the 30 end of
the element (Figure 2E). This gradient likely reflects the fact
that a majority of genomic L1 copies are truncated at 50 ends,
and piRNAs are generated from all genomic copies including
truncated ones. The truncated copies lack functional promoters
indicating that transcription of a substrate for piRNA processing
can be initiated from non-TE promoters. InMiwi2 KO spermato-
gonia the fraction of piRNAs that map to the 50 end of the L1 copy
was higher by 5-fold and the 50 to 30 gradient almost disap-
peared, making the profile similar to that observed in wild-type
E16.5 prospermatogonia (Figures 2E and 2B). This result indi-
cates that reactivation of full-length L1 copies inMiwi2 KO sper-
matogonia leads to piRNA generation from these copies, which
were silenced in wild-type P10 spermatogonia. In addition to an
increase in total abundance and fraction of sense-strand piRNA
sequences, we found a moderate increase in ping-pong piRNA
processing of upregulated L1 families (Figure 2F). Together,
this comprehensive analysis of the piRNA population suggests
that Miwi2 deficiency leads to a decrease in L1-derived piRNA
abundance early in the development (E16.5). Later during devel-
opment (P10), derepression of L1 caused by a lack of MIWI2) and fraction of secondary piRNA (‘‘sec’’, defined as reads that have adenine at
een KO and Het mice are shown as log2 of ratios of values. Several L1 families
and secondary piRNA from these families do not differ significantly when data
A-normalized piRNA density shows thatMiwi2 deficiency causes a reduction of
onia. Separately shown are piRNA profiles on 50 monomer sequences of two L1
r sense or antisense strand of the element. Arrows indicate the 50 ends of sense
are separated by 10 nt).
ospermatogonia. The E16.5 piRNA mapped to L1 and IAPEz consensuses with
essing: complementary piRNA reads those 50 ends are separated by 10 nt. The
r of nucleotides (x axis). The prominent peak at 10 nt that indicates ping-pong
. The analysis and heatmap representation of piRNA at P10 spermatogonia are
of L1 piRNA as well as increase in the fraction of sense (decrease in antisense)
rmalized piRNA densities show that Miwi2 deficiency causes increases in the
derived from 50 end of L1-A inMiwi2-KOmice than in Het controls. Each bar on
ense strand of the element. Arrows point to the 50 ends of ping-pong partners,
atogonia. The analysis was performed as described in (C). The signature of the
ed inMiwi2 KOmice relative to controls for L1-A, but not for the IAPEz element.
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Figure 3. Differential Effect of Mili and Miwi2 Knockouts on CpG Methylation of Transposable Elements
(A) Most genomic CpG sites are detected in each individual BS-seq library (Mili and Miwi2 KO and corresponding controls). The Venn diagram shows overlap
between CpG sites detected by at least one sequencing read inMiwi2 KO andMili KO BS-seq and respective control datasets. The majority of CpG sites (18.7
million or 85.3%) were detected by at least one uniquely aligned read in each dataset.
(B) The effect ofMiwi2 andMili KO on CpGmethylation genome-wide and in specific TE families. The levels of genome-wide CpGmethylation are similar (70%)
in germ cells of each of the four different genotypes (top). CpG methylation of TE families is also similar between the two control datasets. CpG methylation is
decreased on both L1 and IAP (LTR) families in theMili-KO sample relative to control.Miwi2 KO only affects L1-Gf and L1-T families and decrease in fraction of
methylated CpG sites is slight but significant. The bars represent meanmethylation in TE copies belonging to the indicated families and whiskers showSD. For L1
elements only those CpG sites that are located in the promoter regions (i.e., the first 500 bp of a corresponding consensus sequence) were used to evaluate CpG
methylation levels.
(C) The effect ofMiwi2 andMili KO on TE methylation.Mili deficiency leads to a decrease in CpG methylation of a greater number of TE families than doesMiwi2
KO. The heatmap shows log2 ratio of mean methylation level in Mili and Miwi2 mutants and corresponding control samples.
(legend continued on next page)
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Both Mili and Miwi2 are involved in de novo CpG methylation
of several TE families in embryonic prospermatogonia (E15.5 to
P1), exactly the time that coincides with MIWI2 expression and
nuclear localization (Aravin et al., 2008; Kuramochi-Miyagawa
et al., 2008). Genome-wide analysis of the effect of Mili KO on
DNA methylation was recently reported (Molaro et al., 2014).
To obtain similar data for Miwi2-KO mice, we use bisulfite con-
version coupled with deep sequencing (BS-seq) for genome-
wide profiling of CpGmethylation patterns inMiwi2 KO and con-
trol spermatogonia isolated from P10 testes. BS-seq libraries
were sequenced to a depth comparable with previously pub-
lished Mili KO data, and datasets were processed using the
same bioinformatics pipeline (Figure 3A; Table S3). We first
determined the level of CpGmethylation on19million genomic
CpG sites (88% of CpG sites in mouse genome) that can be
unambiguously detected in the shallowest BS-seq library. Over-
all, genome-wide methylation levels were very similar among the
four samples (Mili KO, Miwi2 KO, and respective controls);
70% of CpG sites were methylated in each sample (Figure 3B).
As expected, we detected high, and similar, levels of methylation
(90%mean methylation) on CpG sites within many TE families,
including those with expression regulated by MILI and MIWI2,
such as L1 and LTR retrotransposons, when control samples
were compared (Figure 3B). These results indicate that the effi-
ciency of methylation detection in our experiment was similar
to that in the previously published Mili dataset; this allowed us
to directly compare the effect of Mili and Miwi2 deficiencies on
CpG methylation patterns.
First, our data show that Miwi2 KO does not have a global ef-
fect on DNA methylation. As previously reported,Mili deficiency
leads to demethylation of many TE families, including both L1
and LTR (Aravin et al., 2008; Kuramochi-Miyagawa et al., 2008;
Molaro et al., 2014). Remarkably, the effect of Miwi2 KO was
modest compared to that of Mili; fewer families were affected
in theMiwi2 KO than in theMili KO, and even in the affected fam-
ilies, the magnitude of methylation loss compared to control was
lower (Figure 3C). Nevertheless, our genome-wide profiling of
CpG methylation in Miwi2-KO samples revealed an appreciable
(15%–20%) decrease of CpG methylation on active L1 families
L1-T and L1-Gf (but not L1-A) and LTRs of several ERV families,
including IAPEy, relative to levels in control samples. The extent
of demethylation was even stronger when assessed by CpG
sites located in L1 promoter regions (Figure 3B) Moreover, there
is a significant correlation between demethylation and magni-
tude of derepression of LINE and ERV families in Miwi2 KO
P10 spermatogonia (Figure S3).
Next, we analyzed levels of CpGmethylation along the body of
different transposable elements (Figure 3D). L1 families harbor(D) Effect ofMilimutation onCpGmethylation ismost pronounced at CpGs in the 5
KO, and corresponding control libraries were aligned to L1-A and IAPEz transposo
specific CpG site.
(E)Mili andMiwi2 deficiencies affect DNAmethylation of young, less divergent TE
has different level of divergence from the consensus sequence. The x axis reflect
CpG methylation in mutants versus controls (negative value of the log2 ratio).
methylation in both mutants. CpG methylation of L1-A elements is only affected
See also Figure S3.several CpG-rich 250-bp repeats at their 50 ends that act as a
promoter; in the body of L1 elements, CpG density is lower.
CpG sites within 50 repeats were highly methylated (90%).
CpG sites in L1 bodies had lower levels of methylation; however,
methylation exceeded 60% for the majority of the sites, with
notable exceptions of a few sites that were methylated at 0%–
30%. Supporting bulk analysis of CpG sites, Miwi2 deficiency
did not have an effect on methylation of any particular CpG
site in the L1-A element. In contrast, our analysis confirmed pre-
viously reported result that Mili deficiency led to a dramatic
decrease of CpG methylation at 50 repeats in the promoter of
L1-A from 90% to 20%, with effects in the body much less
pronounced. Promoters of ERV elements are situated in LTR re-
gions that have higher concentrations of CpG sites in compari-
son to the bodies of these elements. Similar to the effect at the
L1 element, Mili deficiency had a stronger effect on CpG sites
in the LTR promoter region than in the internal region of IAPEz.
In contrast, Miwi2 deficiency did not lead to an appreciable
decrease of CpG methylation of the LTR or the internal region
of IAPEz (Figure 3D).
We next looked at the effect ofMiwi2 andMiliKOs on individual
copies of a TE within each family. The successful L1 and ERV TE
families are represented by thousands of copies scattered
throughout the genome. Individual TE copies have different levels
of divergence from the active so-called consensus sequence.
Less divergent copies of transposons represent recent, poten-
tially active elements, whereas more divergent older copies are
potentially damaged inactive elements. We found that Miwi2 as
well as Mili deficiency predominantly affected methylation of
youngerelementswithin L1-Tandother families (Figure3E).Over-
all, our data revealed unexpected differences between effects of
Mili andMiwi2onDNAmethylation of TE elements:Miwi2KOhad
less pronounced effects in comparison toMili KO, suggesting in-
dependent functions of the two in DNA methylation.
DISCUSSION
Our results shed light on the distinct roles of two Piwi proteins,
MILI and MIWI2, in TE repression in mammalian germ cells.
The proteins have non-redundant roles in silencing of the young
and active families of TE, L1-T, L1-Gf, and IAPEy transposons in
developing male germ cells. Although MIWI2 affects the biogen-
esis of far fewer piRNAs compared to MILI, MIWI2 is required to
generate high levels of piRNAs targeting several LINE1 families.
Indeed, Miwi2 deficiency led to 2-fold reduction of embryonic
piRNAs against L1-A, L1-T, and L1-Gf families (Figure 2). Both
MILI and MIWI2 participate in the ping-pong cycle in the
cytoplasm (Aravin et al., 2007, 2008; Shoji et al., 2009). Our re-
sults show that in the absence of MIWI2, the ping-pong con-
tinues to work. Furthermore, unlike mutation in one of the two0 end of LINE1 and the LTRportion of IAPEz. BS-seq reads fromMili-KO,Miwi2-
n sequences. Each point on the plots represents the mean methylation level at
copies. Each point on the graph represents an individual genomic TE copy that
s the number of mutations in parts per thousand (ppt). The y axis shows loss of
L1-T copies that are less divergent from the consensus show loss of CpG
by Mili KO.
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(2015), http://dx.doi.org/10.1016/j.celrep.2015.07.036ping-pong Piwi partners in flies, Miwi2 deficiency does not lead
to decrease in the fraction of antisense piRNAs. It is important to
note, however, that in contrast to fly piRNAs that are highly en-
riched in antisense sequences, piRNAs in mouse do not have a
strong antisense bias, even when both Piwi proteins are func-
tional. Overall, our results indicate that MILI alone is sufficient
to maintain the proper quality (though not the quantity) of piRNAs
in mice. This conclusion corroborates previous findings that the
ping-pong cycle operates in the absence of MIWI2 in post-em-
bryonic spermatogonia (Aravin et al., 2007) and that ping-pong
amplification occurs in the presence of an MIWI2 point mutant
that is impaired in endonuclease activity (De Fazio et al., 2011).
It should be stressed that ability of MILI operate the ping-pong
processing cycle alone does notmean thatMIWI2 is not involved
in this process in wild-type cells. MIWI2 clearly participates in the
ping-pong processing (Aravin et al., 2008), and our data highlight
the high level of redundancy and robustness present in the sys-
tem that ensures efficient TE silencing.
Investigation of piRNA profiles at two developmental stages
(E16.5 and P10) in germ cells of Miwi2-KO mice illuminated the
existence of a strong feedback loop between piRNA generation
and TE expression that adjusts the piRNA population to match
expression of specific transposon families. Indeed, the increase
in expression of L1 families due to Miwi2 deficiency correlates
with increase in ping-pong processing and generation of sense
piRNA from these transcripts. These results highlight the essen-
tial role of the ping-pong cycle in fine-tuning the piRNA popula-
tion to match the levels of TE expression.
Comparative analysis of effects ofMiwi2 andMili deficiencies
on CpG methylation of transposon sequences unexpectedly re-
vealed independent functions of two proteins in this process.
Previously, MILI and MIWI2 were thought to cooperate in linear
hierarchical pathway to achieve CpGmethylation of their targets.
MIWI2 was considered to be directly involved in CpG methyl-
ation based on its prominent nuclear localization in prosperma-
togonia at the timewhen de novomethylation patterns are estab-
lished (Aravin et al., 2008; Kuramochi-Miyagawa et al., 2008).
MILI, concentrated in the cytoplasm of prospermatogonia, was
thought to be upstream of MIWI2, as it is required for loading
of MIWI2 with piRNAs and subsequent nuclear localization (Ara-
vin et al., 2008; De Fazio et al., 2011). According to this proposed
linear pathway, the effect of Mili mutation on DNA methylation
was interpreted as indirect and mediated by MIWI2 protein.
This model predicts that the effects of Mili and Miwi2 mutations
on CpG methylation should be identical. However, our analysis
of genome-wide changes in CpG methylation in two mutants
showed that MILI has a significant impact on TE methylation
that is independent of MIWI2. Indeed, MILI is responsible for
DNAmethylation of a wider range of TEs thanMIWI2, suggesting
that MILI can act to induce DNA methylation independently of
MIWI2. Similar observations were made by Nagamori and col-
leagues, which supports our conclusion of differences between
functions of MILI and MIWI2 (Nagamori et al., 2015). This result
is in line with the observation in the HSP90a mutant, in which
transposable elements are upregulated, piRNA levels are
decreased and MIWI2 fails to localize to the nucleus, but DNA
methylation at a number of elements in not affected (Ichiyanagi
et al., 2014). Future studies should reveal whether MILI is present8 Cell Reports 12, 1–10, August 25, 2015 ª2015 The Authorsin the nucleus and directly involved in CpG methylation through
recognition of nascent TE transcripts or whether it impacts DNA
methylation by another mechanism.
In summary, our results demonstrate that MILI and MIWI2, the
two mouse Piwi proteins involved in TE silencing in the male
germline, do not act in a linear hierarchical pathway but have
partially independent functions. MIWI2 is required to silence
most active TE families; indeed, these families require both
MILI and MIWI2 for silencing.
EXPERIMENTAL PROCEDURES
Animals
TheMiwi2-KOmousemodel has been described previously (Kuramochi-Miya-
gawa et al., 2008). The Mili- KO model is described in Kuramochi-Miyagawa
et al. (2004). All experiments were conducted in accordance with a protocol
approved by the institutional animal care and use committee of the California
Institute of Technology.
RNA Isolation, Poly(A)+ Selection, and RNA-Seq Library Cloning
Total RNA was isolated from total testis using Ribozol, and RNA was treated
with DNase. For library cloning, 1 mg DNase-treated RNA was poly(A)+
selected and RNA-sequencing (RNA-seq) libraries were cloned using either
Illumina TruSeq RNA sample prep kit (version 2, 48 rxns, RS-122-2001) or
NEBNext Ultra RNA library prep kit for Illumina (New England Biolabs,
E7530). Small RNAs (19–30 nt) were extracted from total RNA by separation
on 12% polyacrylamide gel and cloned as described elsewhere (Pastor
et al., 2014); for a detailed protocol, see Supplemental Experimental
Procedures.
Genomic DNA Isolation, Bisulfite Conversion, and Library Cloning
Cells were isolated from testes using magnetic-activated cell sorting and
genomic DNA isolated as described in Pezic et al. (2014) and Supplemental
Experimental Procedures. Genomic DNA (200 ng) was sonicated in 100 ml
1X TE and libraries cloned using NuGEN Ovation UltraLow MethylSeq Multi-
plex System 1-8 kit (NuGEN 0335-32) according to themanufacturer’s instruc-
tions. Bisulfite conversion of DNA is performed after adaptor ligation using this
kit, and it was done using the Active Motif MethylDetector Kit (#55001) per the
manufacturer’s protocol.
Bioinformatics Analysis of Gene and Transposon Expression
Upon adaptor trimming, RNA-seq reads were aligned to mm10 genome with
Bowtie 0.12.7 (Langmead et al., 2009) either in unique alignment mode (to
assess gene expression) or permitting reads with multiple valid alignments
(to assess expression of TE families). Annotation of gene territories was based
on RefSeq transcriptome annotation (Pruitt et al., 2009), and annotation of in-
dividual TEs was obtained via RepeatMasker (http://www.repeatmasker.org)
track for mm10 genome from the UCSC Genome Bioinformatics Site (Karol-
chik et al., 2014). Reads with 50 coordinates intersecting individual TE copies
were totaled up for each family weighing each alignment instance by the total
number of alignments per read. See Supplemental Experimental Procedures
for details.
Bioinformatics Analysis of Bisulfite-Sequencing Libraries
to Evaluate CpG Methylation
Upon trimming adaptors, bisulfite-sequencing (BS-seq) libraries were aligned
to mm10 genome with Bismark (Krueger and Andrews, 2011). Methylation
level of individual CpG sites was determined using MethPipe computational
tool suite (Song et al., 2013). To evaluate mean CpGmethylation of TE families,
we considered TE copies with at least ten CpG sites detected by at least ten
sequencing events. Analysis of all libraries was based on a consensus set of
19 million CpG sites (88% of genomic sites) that were detected in the shal-
lowest library in this study. See Supplemental Experimental Procedures for
details.
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Manakov et al Fig. S3, Related to Figure 3
Manakov	  et	  al	  Table	  S1,	  Related	  to	  Figure	  1
Library	  ID Library	  type Timepoint Tissue Genotype Total	  reads rRNA	  reads unique	  aligned multimapping	   3'adaptor other
DP63 poly(A)+ E16.5 testis Miwi2	  Het	  (control) 19,245,737        4,613,646          10,063,154        11,302,160        GATCGGAAGAGCACA
DP74 poly(A)+ E16.5 testis Dnmt3L	  Het	  (control) 24,408,372        6,173,251          12,159,845        14,201,684        GATCGGAAGAGCACA
DP18 poly(A)+ P10 tesits Miwi2	  Het	  (control) 28,937,661        4,323,901          12,344,783        14,381,150        GATCGGAAGAGCACA
DP19 poly(A)+ P10 tesits Miwi2	  KO 28,616,777        5,186,565          11,710,609        13,707,135        GATCGGAAGAGCACA
DP54 poly(A)+ P10 tesits Miwi2	  Het	  (control) 13,748,354        1,430,788          7,366,377          8,625,092          GATCGGAAGAGCACA
DP55 poly(A)+ P10 tesits Miwi2	  KO 20,908,192        2,133,400          11,164,525        13,060,032        GATCGGAAGAGCACA
WP01 poly(A)+ P10 tesits Mili	  Het	  (control) 53,163,538        908,358             35,921,310        34,876,422        GATCGGAAGAGCACA
WP02 poly(A)+ P10 tesits Mili	  Het	  (control) 53,667,678        709,977             31,764,016        29,350,806        GATCGGAAGAGCACA
WP03 poly(A)+ P10 tesits Mili	  KO 51,943,074        1,148,799          35,144,667        34,030,383        GATCGGAAGAGCACA
WP04 poly(A)+ P10 tesits Mili	  KO 29,349,050        498,144             17,526,051        16,466,881        GATCGGAAGAGCACA
WP05 poly(A)+ P10 tesits Mili	  KO 41,844,381        830,117             24,873,484        23,382,809        GATCGGAAGAGCACA
DP76 small	  RNA E16.5 tesits Miwi2	  Het	  (control) 29,122,945        6,454,940          7,591,535          13,631,188        TGGAATTCTCGGGTG miRNA	  reads:	  6,781,696
DP77 small	  RNA E16.5 tesits Miwi2	  KO 36,284,521        11,161,013        8,417,337          14,281,448        TGGAATTCTCGGGTG miRNA	  reads:	  7,414,887
DP20 small	  RNA P10 tesits Miwi2	  Het	  (control) 32,383,922        10,497,532        9,881,541          11,801,238        TGGAATTCTCGGGTG miRNA	  reads:	  8,772,017
DP21 small	  RNA P10 tesits Miwi2	  KO 2,482,903          602,401             782,413             902,635             TGGAATTCTCGGGTG miRNA	  reads:	  665,991
Manakov et al Table S2, Related to Figure 1
Windows with more than 10 RPM of IP piRNAs: 48,134
Correlation P.value Correlation P.value Correlation P.value
E16 Mili IP 0.625 < 2.2e-16 0.002 0.712 0.001 0.784
E16 Miwi2 IP (rep1) 0.503 < 2.2e-16 0.005 0.234 0.005 0.280
E16 Miwi2 IP (rep2) 0.505 < 2.2e-16 0.008 0.079 0.007 0.138
Windows with more than 10 RPM of IP piRNAs: 11,621
Correlation P.value Correlation P.value Correlation P.value
P10 Mili IP 0.727 < 2.2e-16 0.005 0.571 0.005 0.582
E16 Small-RNAseq E16 Ribo(-) RNA-seq E18 Ribo(-) RNA-seq
P10 Small-RNAseq P10 Ribo(-) RNA-seq P10 Ribo(-) RNA-seq
Manakov	  et	  al	  Table	  S3,	  Related	  to	  Figure	  3
PE	  (76bp) PE	  (76bp) PE	  (101bp) PE	  (101bp) PE	  (101bp) SE	  (76bp) SE	  (100bp) SE	  (100bp)
Molaro01	  MiliKO Molaro02	  MiliKO Molaro03	  MiliKO Molaro04	  WT Molaro05	  WT Molaro06	  WT DP107	  Miwi2	  HET DP111	  Miwi	  KO
TOTAL	  READS	  IN: 62,024,524	  	  	  	  	  	  	  	  	  	  	  	  	   66,804,010	  	  	  	  	  	  	  	  	  	  	  	  	   70,058,532	  	  	  	  	  	  	  	  	  	  	  	  	   25,278,252	  	  	  	  	  	  	  	  	  	  	  	  	   56,626,875	  	  	  	  	  	  	  	  	  	  	  	  	   68,945,044	  	  	  	  	  	  	  	  	  	  	  	  	   191,179,374	  	  	  	  	  	  	  	  	  	  	   179,902,434	  	  	  	  	  	  	  	  	  	  	  
GOOD	  BASES	  IN: 8,029,550,911	  	  	  	  	  	  	  	   8,637,301,472	  	  	  	  	  	  	  	   16,273,901,915	  	  	  	  	   3,780,727,856	  	  	  	  	  	  	  	   8,615,406,597	  	  	  	  	  	  	  	   4,493,042,076	  	  	  	  	  	  	  	   18,227,408,984	  	  	  	  	   17,110,781,041	  	  	  	  	  
TOTAL	  READS	  OUT: 59,506,166	  	  	  	  	  	  	  	  	  	  	  	  	   64,087,369	  	  	  	  	  	  	  	  	  	  	  	  	   47,787,400	  	  	  	  	  	  	  	  	  	  	  	  	   23,438,647	  	  	  	  	  	  	  	  	  	  	  	  	   50,474,141	  	  	  	  	  	  	  	  	  	  	  	  	   59,845,378	  	  	  	  	  	  	  	  	  	  	  	  	   156,694,873	  	  	  	  	  	  	  	  	  	  	   146,399,127	  	  	  	  	  	  	  	  	  	  	  
GOOD	  BASES	  OUT: 7,606,377,852	  	  	  	  	  	  	  	   8,185,353,724	  	  	  	  	  	  	  	   11,289,443,429	  	  	  	  	   3,454,751,405	  	  	  	  	  	  	  	   7,585,217,880	  	  	  	  	  	  	  	   4,036,302,273	  	  	  	  	  	  	  	   14,876,200,906	  	  	  	  	   13,864,542,088	  	  	  	  	  
DUPLICATES	  REMOVED: 2,518,358	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   2,716,641	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   22,271,132	  	  	  	  	  	  	  	  	  	  	  	  	   1,839,605	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   6,152,734	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   9,099,666	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   34,484,501	  	  	  	  	  	  	  	  	  	  	  	  	   33,503,307	  	  	  	  	  	  	  	  	  	  	  	  	  
READS	  WITH	  DUPLICATES: 1,202,772	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   1,287,938	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   14,449,793	  	  	  	  	  	  	  	  	  	  	  	  	   1,088,806	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   4,032,071	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   4,833,177	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   24,551,391	  	  	  	  	  	  	  	  	  	  	  	  	   23,935,925	  	  	  	  	  	  	  	  	  	  	  	  	  
SITES: 1,105,337,903	  	  	  	  	  	  	  	   1,105,337,903	  	  	  	  	  	  	  	   1,105,337,903	  	  	  	  	  	  	  	   1,105,337,903	  	  	  	  	  	  	  	   1,105,337,903	  	  	  	  	  	  	  	   1,105,337,903	  	  	  	  	  	  	  	   1,105,337,903	  	  	  	  	  	  	  	   1,105,337,903	  	  	  	  	  	  	  	  
SITES	  COVERED: 642,055,481	  	  	  	  	  	  	  	  	  	  	   664,225,639	  	  	  	  	  	  	  	  	  	  	   776,450,379	  	  	  	  	  	  	  	  	  	  	   436,673,879	  	  	  	  	  	  	  	  	  	  	   691,082,493	  	  	  	  	  	  	  	  	  	  	   482,149,690	  	  	  	  	  	  	  	  	  	  	   909,012,367	  	  	  	  	  	  	  	  	  	  	   894,676,197	  	  	  	  	  	  	  	  	  	  	  
FRACTION: 0.58 0.60 0.70 0.40 0.63 0.44 0.82 0.81
MAX	  COVERAGE: 27,449	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   27,739	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   32,910	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   30,652	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   37,630	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   2,198	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   4,313	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   4,275	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
MEAN	  COVERAGE: 1.21 1.30 1.69 0.59 1.30 0.71 2.74 2.54
MEAN	  (WHEN	  >	  0): 2.08 2.17 2.41 1.49 2.07 1.64 3.33 3.14
MEAN	  METHYLATION: 0.05 0.05 0.04 0.04 0.04 0.05 0.05 0.05
SITES: 21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	   21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	   21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	   21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	   21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	   21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	   21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	   21,908,008	  	  	  	  	  	  	  	  	  	  	  	  	  
SITES	  COVERED: 18,393,567	  	  	  	  	  	  	  	  	  	  	  	  	   18,614,602	  	  	  	  	  	  	  	  	  	  	  	  	   19,497,109	  	  	  	  	  	  	  	  	  	  	  	  	   14,916,356	  	  	  	  	  	  	  	  	  	  	  	  	   18,903,655	  	  	  	  	  	  	  	  	  	  	  	  	   16,258,758	  	  	  	  	  	  	  	  	  	  	  	  	   19,384,910	  	  	  	  	  	  	  	  	  	  	  	  	   19,293,116	  	  	  	  	  	  	  	  	  	  	  	  	  
FRACTION: 0.84 0.85 0.89 0.68 0.86 0.74 0.88 0.88
MAX	  COVERAGE: 44,660	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   45,546	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   56,073	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   48,195	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   58,157	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   3,137	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   7,722	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   7,661	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
MEAN	  COVERAGE: 2.99 3.21 3.86 1.45 3.21 1.95 5.46 5.03
MEAN	  (WHEN	  >	  0): 3.56 3.78 4.34 2.14 3.71 2.62 6.18 5.71
MEAN	  METHYLATION: 0.74 0.74 0.74 0.78 0.79 0.80 0.74 0.74
Supplemental Figure Legends  
 
Figure S1. mRNA and piRNA profiles in Miwi2 KO and control testis. Related to Figure 1. 
A and B. Reproducibility of gene and transposon expression measurement between biological 
replicates. The scatterplots demonstrate high correlastion (R ≥ 0.94, p value ≤ 2• 10-16) in pairwise 
comparisons of RNA-seq libraries produced from biological replicate samples of Miwi2 heterozygote 
control testis (P10). The x and y-axes show log transformed raw read counts attributed to protein 
coding genes (> 17,000 genes shown in black) and to all annotated LINE and LTR families of TEs 
(~800 types, shown in red; internal and LTR fragments were analyzed separately). Replicates of other 
Miwi2 Het, as well as Miwi2 KO, Mili Het and Mili KO are similarly consistent (data not shown). 
 
C and D. Relatively small number of genes and TE families are significantly differentially expressed in 
Mili and Miwi2 KO testis. The points on the scatterplots correspond to either protein coding genes or 
LINE and LTR families of TEs (> 17000 genes and ~800 types of TEs; in ERVs, internal and LTR 
fragments were analyzed separately). The x-axis shows library-depth-normalized average read count 
(expression level) and the y-axis shows fold change of expression in Mili and Miwi2 KO testis (P10) 
relative to corresponding control samples. Differentially expressed genes and TE families that passed 
the significance threshold (p value < 0.01 at FDR < 20%) are shown as the blue points for genes (124 
genes in Mili KO, 0 genes in Miwi2 KO) and as the red points for TE families (14 families in Mili KO and 
3 families in Miwi2 KO).  
 
E and F. piRNA fraction of small RNAs is enriched in species with uridine at position 1 (U1) in Miwi2 
Het. The histograms show fractions of (E) Miwi2 Het and (F) Miwi2 KO E16.5 libraries by reads of 
different lengths (the x-axis). Fraction of reads of each length that have U1 is indicated as a colored 
fraction of each bar. 
 
G and H. Expression of piRNA from major embryonic clusters is not affected by Miwi2 deficiency. The 
y-axis shows a binned count of reads aligned to genomic piRNA clusters (read counts are normalized 
to count of miRNAs in respective libraries) from Miwi2 Het and Miwi2 KO embryonic testis. (G) 
Expression of piRNA from uni-directional, TE-rich cluster #1 on chromosome 7 is not affected in Miwi2 
KO at E16.5. (H) Expression of piRNA from bi-directional, TE-poor cluster #3 on chromosome 8 is not 
affected by Miwi2 KO at E16.5. 
 
 
Figure S2. Comparison of piRNA expression in Miwi2 KO and control testis. Related to Figure 2. 
A. piRNA from young L1 families are affected by Miwi2 KO. The heat map shows expression of piRNA 
of selected TE families, overall piRNA abundance (“total”), fraction of antisense sequences (“as”), and 
fraction of secondary piRNA (“sec”) in (A) E16.5 prospermatogonia and (B) P10 spermatogonia from 
Miwi2 KO and Miwi2 Het mice. Secondary piRNAs are defined as reads that have adenine at position 
10 and do not have uridine residue at position one. The “total” column shows that abundance of 
piRNAs targeting several L1 families are ~2 fold decreased in Miwi2 KO relative to Miwi2 Het mice. The 
“as” and “sec” columns demonstrates that at E16 the fraction of libraries comprised of antisense and 
secondary piRNAs did not significantly differ between Miwi2 KO and control mice. At P10 the total 
abundance of L1 piRNAs is increased in Miwi2 KO mice, whereas the antisense fraction is decreased. 
Ratios are represented on a log2 scale. 
B and C. IAPEz-derived piRNA are not affected by Miwi2 KO. piRNA densities (read counts in 50-nt 
windows) over the IAPEz consensus in Miwi2 Het and Miwi2 KO libraries from embryonic testes (E16.5, 
B) and postnatal spermatogonia (P10, C). Each bar represents a 5’ end of a piRNA mapping to either 
sense or antisense strand of the element. The y-axis shows read counts normalized to total count of 
miRNAs in respective libraries. Depth of libraries and miRNA counts are shown in TableS 1. 
 
D. Correlation in induction of TE expression and upregulation of piRNAs at P10. The x-axis shows fold 
change of piRNA read counts (normalized to counts of miRNA reads in the respective libraries, RPM) 
corresponding to selected families of LINE and LTR transposons (as in Figure 1A) in Miwi2 KO and 
Miwi2 Het total small RNA libraries at P10. The y-axis shows the fold change of long RNAs reads 
(cloned with polyA(+) protocol) in the same cells. Long-RNA-seq is normalized to the total number of 
reads mapped in the respective libraries (RPM).  
 
Figure S3. Related to Figure 3. Correlation between the loss of CpG-methylation and expression 
of TE families in Miwi2 mutant at P10 
The y-axis shows a negative value of the log2 ratio of the mean CpG methylation level on selected TE 
families (as in Figure 3C) in Miwi2 KO and control samples. The x-axis shows log2 ratio of TE transcript 
abundance of the same families. The distribution demonstrates the significant correlation (p < 0.0001, 
evaluated between fold changes on a linear scale) between upregulation of expression and loss of CpG 
methylation in Miwi2 KO mice. TEs selected for Figure 3C and this plot have at least 50 genomic copies 
that passed the CpG detection threshold (each copy was required to harbor ten or more consensus 
CpG sites and to be detected by ten or more sequencing events in both mutant and control libraries). 
  
Supplemental Table Legends  
 
Table S1. RNA-seq and ChIP-seq libraries, related to Figure 1 
Parameters of polyA+ and small RNA libraries 
 
Table S2. Correlation between small RNA libraries, related to Figure 1 
The table lists correlation of normalized read abundance (RPM) of small RNAs cloned from MILI and 
MIWI2 immonoprecipitates (IP), total small RNA and long RNA-seq reads in 1 kB genomic windows. 
Correlation between MILI and MIWI2 IP piRNAs and total small RNA libraries is significant at both E10 
and P10, while correlation with long RNA-seq reads is not significant.  
 
Table S3. BS-seq libraries, related to Figure 3 
Parameters of BS-seq libraries 
  
Supplemental experimental procedures, related to Experimental Procedures 
 
Animals 
Miwi2 knockout mouse model is described in (Kuramochi-Miyagawa, 2008). Mili knockout model is 
described in (Kuramochi-Miyagawa et al., 2004). All experiments were conducted in accordance with a 
protocol approved by the IACUC of the California Institute of Technology. Animals were group-housed, 
unless otherwise mentioned, at 22-24°C with ad libitum access to food and water in a 13-h/11-h 
light/dark cycle, in an AAALAC accredited housing facility. Mice were euthanized according to IACUC 
approved procedures. 
 
RNA isolation, polyA+ selection, rRNA depletion, and RNA-Seq library cloning 
Total RNA was isolated from total testis using Ribozol (Amresco, N580). For isolation of RNA from 
embryonic testes, embryos from several pregnant mothers were harvested, genotyped, and pooled 
according to genotype for RNA isolation. All P10 samples are either from individual animals, or from 
littermates. RNA was DNase-treated using Turbo DNA-free kit (Ambion, AM1907). For library cloning, 1 
μg DNase-treated RNA was polyA+ selected using DynaBeads mRNA Purification Kit (Invitrogen, 
cat.no. 610.06). RNA-Seq libraries were cloned using either Illumina TruSeq RNA sample prep kit 
(version 2, 48 rxns, RS-122-2001) or NEBNext Ultra RNA library prep kit for Illumina (New England 
Biolabs, E7530). Cloning of small RNAs is described in a separate section. 
 
Genomic DNA isolation, bisulfite conversion, and library cloning 
Cells were isolated from testes as described in Pezic et al (2014), resuspended in 100 μl of TE, and 
lysed in 1 ml of genomic DNA lysis buffer (10 mM Tris-HCl pH 8.0, 100 mM EDTA pH 8.0, 0.5% SDS, 
supplemented with 250 U RNaseI (Ambion, AM2295)). Lysate was incubated at 37°C for 1 hour, 
transferred to a glass douncer and homogenized further by 15 strokes with tight pestle. Proteinase K 
(NEB) was added to final concentration of 100 μg/ml, and incubated at 50°C for 3 hours. After cooling 
to RT, equal volume of phenol pH 8.0 was added, mixed well, and incubated for 10 min at RT with 
agitation. Water phase was recovered after centrifugation, and phenol extraction repeated one more 
time, followed by phenol/chloroform and chloroform extraction. Water phase was then mixed with 2 
volumes of absolute ethanol, with addition of 5M NaCl to final concentration of 300 mM. DNA was 
precipitated for 2 hours at -80°C, or overnight at -20°C. Pelleted DNA was washed twice with 70% 
EtOH, dried, and resuspended in water. A260/280 and A260/230 ratios were measured to check purity. 
Genomic DNA (200 ng) was sonicated using Bioruptor (Diagenode) in 100ul 1X TE, and libraries 
cloned using NuGEN Ovation UltraLow MethylSeq Multiplex System 1-8 kit (NuGEN 0335-32) 
according to manufacturer’s instructions. Bisulfite conversion of DNA is performed after adapter ligation 
using this kit, and it was done using Active Motif MethylDetector Kit (#55001) as instructed by the 
manufacturer’s protocol. 
 
Small RNA cloning 
Total RNA was isolated from embryonic testes using Ribozol. Thirty ug total RNA was loaded on 12% 
urea-polyacrylamide (PAA) gel. Fraction 19-30 nt was excised and snap-frozen in liquid nitrogen in 400 
ul 0.4M NaCl. RNA was eluted from the gel over night at 16C, shaking at 1,000 rpm and precipitated in 
3 volumes of absolute ethanol with added GlycoBlue. Pre-adenylated 3’ linker 
(/5`Phos/TGGAATTCTCGGGTGCCAAGGAACTC/3`ddC/; 5’DNA adenylation kit, NEB) was ligated to 
RNA over night at 4C using Truncated RNA Ligase 2 (NEB). Ligation reactions were loaded onto 10% 
urea-PAGE, 45-56 nt fraction was excised and nucleic acids extracted as above. 5’ linker 
(rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrArCrGrArUrC) was ligated to the samples using RNA 
Ligase 1 (NEB) over night at 4C. Ligation reactions were loaded on 10% Urea-PAA gel, 72-83 nt 
fraction was excised and nucleic acids as above. Extracted samples were reverse-transcribed (primer 
sequence: GGAGTTCCTTGGCACCCGAGA) and library amplified by PCR using standard Illumina 
primers. Final libraries were excised from 1.5% agarose gel, and sequenced on Illumina platform. 
 
Bioinformatics analysis of gene and transposon expression 
We used of polyA(+) non-stranded protocol to generate RNA-seq libraries. Trimming of Illumina 
adaptors with Reaper was the first step in library processing (Davis et al., 2013). Next, library reads 
were first aligned to sequences of rRNA transcripts (GenBank identifiers: 18S, NR_003278.3; 28S, 
NR_003279.1; 5S, D14832.1; and 5.8S, K01367.1) with Bowtie 0.12.7 with up to three mismatches 
(Langmead et al., 2009). Reads with valid alignments to rRNA were considered contamination and 
removed from father analysis. The remaining reads were mapped to mm10 reference genome either in 
unique or multimapping mode. In the unique alignment mode reads with more than one valid alignment 
to the genome were discarded, while in the multimapping mode up to 10,000 valid alignments were 
allowed.  
 
The alignments in the unique mode were used to evaluate expression of protein coding genes, which 
we approximated as a sum of reads with 5’ coordinates intersecting gene exonic features. Counts of 
reads mapped to exons of overlapping genes were evenly dived between corresponding genes, and 
reads overlapping with small non-coding RNAs (e.g. miRNAs, snoRNAs, tRNA etc.) were excluded. 
RefSeq transcriptome annotation (Pruitt et al., 2009) was used to define exonic features of protein 
coding and non-coding RNAs, including small non-coding RNAs. Annotation of small non-coding RNAs 
was manually curated and supplemented with species annotated in Rfam (Nawrocki et al., 2015), 
miRBase (Kozomara and Griffiths-Jones, 2014), RepeatMasker (http://www.repeatmasker.org) of 
mm10 genome as available via UCSC Genome Bioinformatics Site (Karolchik et al., 2014) and 
Ensembl (Cunningham et al., 2015). Reads overlapping with small non-coding RNAs were excluded 
from the analysis of protein coding gene expression. Custom software (for assembly of the genome 
annotation and for per-gene read counting), the software documentation as well as the description of 
the curation procedure is hosted on GitHub (https://github.com/getopt/EXPRESSION_BY_FEATURE).  
 
The alignments in the multimmaping mode were used to evaluate expression of TE families. Annotation 
of individual TE copies and families were taken from RepeatMasker (http://www.repeatmasker.org) 
annotation of mm10 genome as available via UCSC Genome Bioinformatics Site (Karolchik et al., 
2014). Per-family read count was computed as previously described (Pezic et al., 2014). Briefly, reads 
with 5’ coordinates intersecting individual copies of TEs in a family were totaled up weighing each read 
alignment instance by the total number of alignments of that read.  
 
DESeq procedure was used to evaluate statistical significance of the fold change in expression levels 
between knockout and control samples (Anders and Huber, 2010). We assumed that the error in 
measurements of gene and TE family expression are due to the same underlying technical and 
biological variability and therefore follow the same distribution. This allowed us to combine per-gene 
and per-family read counts to model dispersion and evaluate statistical significance of expression fold 
changes with DESeq. We implemented DESeq procedure via its R (v 3.1.2) interface as described in 
DESeq documentation. DESeq parameter “sharing” was set to “fit-only” and genes and TE families with 
0 read count in either knockout or control samples were excluded from the test.  
 
Bioinformatics analysis of bisulfite sequencing libraries to evaluate CpG-methylation 
We used the same computational procedure to analyze Miwi2 knockout and heterozygote control 
libraries that we generated and previously published Mili knockout and wild type control libraries 
(Molaro et al., 2014). First, Illumina adaptors were trimmed using Trim Galor! tool 
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were then aligned to 
mm10 genome with Bismark tool (Krueger and Andrews, 2011). Default Bismark parameters and 
Bowtie2 (v 2.2.2) engine (Langmead and Salzberg, 2012) were used to align both single-end and 
paired-end libraries. Following the alignment, mean CpG-methylation level of individual CpG cites and 
of regions of interests (e.g. TE copies or fragments of TEs) was determined using MethPipe 
computational tool suite (Song et al., 2013). Since only uniquely aligned reads were considered, 
repetitive regions in the genome may have a detection bias toward paired-end libraries. Therefore we 
limited our analysis to those CpG sites that were covered in the most shallow single-end library (~19 
million sites or 88% of genomic sites) which we refer to as “consensus” CpG sites. Reads aligned to the 
same genomic position were collapsed and replicate samples were merged prior to evaluation of the 
mean CpG methylation of individual CpG sites and TE copies.  To evaluate mean CpG methylation of 
TE families we considered only those TE copies that contained at least ten consensus CpG sites and at 
detected by at least ten sequencing events.  
 
To profile CpG methylation along sequence of individual TE copies of L1-A and IAPEz elements (Figure 
4D) we followed the same procedure as described above for genome wide analysis, but instead of 
alignment to mm10 genome the reads were aligned to sequences of a copy of L1-A element (mm10 
chr1:164723807-164730175) and a fusion of IAPLTR1_mm (mm10 chr8:121405292-121405674) and 
IAPEz-int (mm10 chr8:121405675-121412154) elements. These TE copies were manually selected on 
the basis of their full length and low divergence from consensus according to RepeatMasker track in the 
UCSC Genome Browser (Kent et al., 2002). Even though a complete IAPEz provirus normally consists 
of a single internal part flanked by two LTR sequences, we have truncated the right flanking LTR to 65 
nt (i.e. shorter than the length of sequencing reads) in order to avoid redundant read alignments since 
reads with multiple valid alignments are filtered out by Bismark.  
 
Bioinformatics analysis of MIWI2 and MILI IP and total small RNA libraries 
Illumina adaptors were removed using custom developed dynamic programming algorithm (Olson et al., 
2008). Next, custom suffix array procedure was used to align reads longer than 24 nt to mm9 genome 
(Olson et al., 2008). Reads overlapping with TEs were identified by the overlap of alignments with 
RepeatMasker (http://www.repeatmasker.org) TE annotation of mouse genome as available through 
UCSC Genome Bioinformatics Database (Karolchik et al., 2014). Reads with multiple alignments to 
different types of TEs were annotated following the majority rule based on ten alignments selected at 
random. When ties were encountered, they were resolved following hierarchy principle (Olson et al., 
2008).  
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